Abstract: Surface orientation information is essential to depicting the 3-D structure of an object. This paper analyzes the linear polarization characteristics of several typical objects by simulations and measurements. Then, a polarization-based method is presented to acquire the object surface orientation information from three different linear polarization brightness temperature images by using a 94-GHz imaging radiometer. The experiments are conducted outside, where a wooden plate is placed obliquely on a metal box. Experimental results indicate that our method is capable of achieving the surface orientation information that is beneficial to recognizing the object. This method suggests possible applications for terrain models and object detections.
Introduction
With the ability to penetrate through a variety of common substances (e.g., atmosphere, fog, clouds, some clothing, etc.) and to operate independently of day/night conditions, passive millimeter-wave (PMMW) technology has been used for various applications in earth remote sensing, radio astronomy, reconnaissance, and surveillance [1] - [3] . Objects emit and reflect the mmW radiation just as they do in the visible and infrared regimes [4] . PMMW imaging systems can generate radiation images through the passive detection of this radiation from natural and artificial objects.
In order to improve the ability of recognizing target, some effective approaches have been presented, such as utilizing a higher frequency, applying a large-scale antenna, fusing multispectral images, and so on [5] - [7] . Polarization is an important feature of electromagnetic waves and it can be affected by surface shapes, materials, local curvature and features [8] . Polarimetric measurement is also one of the methods used to acquire additional information. Work by Shao et al. [9] has focused on the multi-polarized images for active imaging systems. The polarization state of detected light has been used for object and material classification [10] . Various polarimetric radiometers have been constructed and operated in the earth passive microwave remote sensing, which have been successfully used for measurements of wind speed and direction over sea surfaces [11] , [12] . The orthogonal polarization average sum and difference have been usually discussed and some dual-polarization imagers have been developed to analyze the outdoor mmW radiation images of objects such as car, vegetation, and ground [13] , [14] . Several mmW fully polarimetric imaging systems have been designed for measuring the polarimetric signatures of earth surface and man-made objects [5] , [15] .
In general, the natural or artificial object has stereoscopic structure and can be equivalent to a combination of many surfaces with different orientations. The surface orientation information is essential to depicting the 3-D structure of an object in earth remote sensing, medical imaging and security inspection. For observing an object using a single-polarization radiometer, the linear polarization state of each surface is distinct due to different orientations. A W-band quasioptical imaging system has been constructed for capturing the linear polarization sum images of some indoor artificial objects, and it can achieve good image quality [16] . Researchers have experimentally investigated linear polarization characteristics of various terrains [17] . The measurement results show that the polarization signature is sinuous and the highest temperatures all happen in vertical polarization for the terrains with no slope.
In this paper, the arbitrary linear polarization brightness temperature of a flat surface is deduced from the fully polarization Stokes parameters and the linear polarization characteristics of several typical objects (e.g., silica, concrete, water and sky) are investigated through simulations and measurements in Section 2. In Section 3, we present a polarization-based method to acquire the object surface orientation information by using a 94-GHz linear polarization imaging radiometer. In Section 4, the applicability of our method is discussed. The conclusion follows in Section 5.
Polarimetric Characteristics

Fundamental Theory
As is known, the mmW radiation arises from random thermal motion of electric charges. Hence, electromagnetic waves emitted from natural and artificial objects are in general partially polarized [18] . Linear polarization, circular polarization and ellipse polarization are usually used to describe the polarization states of partially polarized thermal radiation. Stokes [18] introduced four parameters I, Q, U, and V to fully characterize the polarization state of partially polarized thermal radiation. Since conventional radiometers only measure T v and T h , a modified form of Stokes vector with four parameters ðT v ; T h ; U; V Þ is used. According to the Rayleigh-Jeans approximation in the mmW regime, Stokes parameters can be written in term of brightness temperature [15] 
where T v and T h are the brightness temperatures of vertical and horizontal polarizations. U and V characterize the real and imaginary part of the complex correlation between the electric fields of vertical and horizontal polarizations. is the characteristic impedance. is the wavelength in free space and k B denotes Boltzmann's constant. E v and E h denote the slowly varying amplitudes of the vertical and horizontal polarization components, respectively. T j is the brightness temperature, with the subscript j being the different polarization modes: linear þ45 and À45 , circular left cl and circular right cr , respectively.
Actually, the electric field of arbitrary polarization can be expressed by two orthogonal polarizations. As shown in Fig. 1 , a single linear polarization radiometer is considered to observe an object surface in a Cartesian coordinate system ðx ;ŷ ;ẑÞ. The waveguide direction determines the received linear polarization state of a surface, so all linear polarizations can be obtained by rotating the waveguide around the observation axis. The relative angle between the vertical-polarization basisv and the rotation direction of waveguide is defined as the linear polarization angle (LPAngle). The horizontal polarization can be measured when ¼ 0 . Therefore, the electric field of arbitrary linear polarization can be written as
According to the relationship between the brightness temperature and the electric field, the brightness temperature at an arbitrary LP-Angle can be given by
For an azimuthal symmetrical surface, U equals to zero due to T þ45 ¼ T À45 . Hence T can be expressed by T v and T h :
Thus, minðT h ;
For terrestrial temperatures at mmW wavelengths, the radiance emitted by an object can be approximated as a linear function of kinetic temperature by the Rayleigh-Jeans approximation [13] . Therefore, it is common for passive mmW radiometers to measure radiometric temperature instead of intensity by calibrating the radiometer to known temperature sources. According to Kirchhoff's law of thermal radiation [19] , the emissivity e of a given object is equal to its absorptivity under local thermodynamic equilibrium. Thus, for a semi-infinite dielectric medium, the emissivity of the surface can be obtained by calculating its reflectivity r (i.e., e ¼ 1 À r ). The radiometric temperature (i.e., brightness temperature) of a flat surface at a single point can be described by [19] T ðÞ ¼ e ðÞT obj þ 1 À e ðÞ ½ T inc; ðÞ (5) where is the observation incidence angle with respect to the flat surface, e is the mmW emissivity of the object at the LP-Angle , T obj is the kinetic temperature of object, and T inc; is the ambient brightness temperature incident on the object at the reflection angle. The first term in (5) represents the surface self-emission and the second term represents the surface reflection portion. According to (4) and (5), the emissivity e can be also expressed by vertical polarization emissivity e v and horizontal polarization emissivity e h (i.e., e ¼ e v sin 2 þ e h cos 2 ). Therefore, the brightness temperature dependence on LP-Angle is determined by the vertical and horizontal polarization emissivity (or the reflectivity).
Linear Polarization Characteristics
Natural and artificial objects generally can be equivalent to the combination of many flat surfaces with different orientations. The linear polarization state of each surface is distinct due to different orientations. In the actual scene, the ambient radiation is possibly partial polarization. Therefore, the polarization characteristic of the brightness temperatures received by mmW radiometers cannot represent the characteristic of object itself. The emissivities of object at different linear polarization states need to be calculated to describe the object itself polarization characteristic.
Considering a typical stereoscopic object [e.g., an 85% density silica with hexahedral structure as shown in Fig. 2(a) ], the electromagnetic (EM) parameters used in simulations are taken from the published literatures [20] . Because the LP-angle of each surface is different, we define an observation linear polarization angle (OLP-Angle, 0 ) to describe the rotation angle of antenna waveguide relative to the object. For the reference plane xoy , 0 ¼ 0 and 0 ¼ 90 denote horizontal polarization and vertical polarization, respectively. The relationship between OLP-Angle 0 and LP-angle is taken into account by the following function:
where ðp y ; p z Þ denotes the projection vector of each surface on the yoz plane. The ray tracing method was used to analyze the 94 GHz emissivity of each surface and the observation direction was along Àx axis. The emissivity of each surface versus the OLP-Angle is depicted in Fig. 2(b) . The simulation results indicate that the emissivity of each surface has a sinusoidal variation with OLP-Angle and the vertical polarized emissivity is the peak value. However, the phase of each curve varies with the orientation of each surface.
From (5), if the ambient brightness temperature T inc; is unpolarized, the linear polarization state of T ðÞ is only determined by the observed surface emissivity e . Thus, the brightness temperature of the observed surface also has a sinusoidal variation with OLP-Angle. To verify this deduction, as shown in Fig. 3 , several measurements were carried out to obtain the brightness temperature of concrete, water, and sky. The radiometer used in these measurements is a 94-GHz radiometer with 500 MHz bandwidth and 1.0 s integration time. The radiometric sensitivity is around 0.8 K. The 3 dB beam width of the radiometer antenna is 2.3°. The brightness temperature has linear relationship with the radiometer output voltage. The radiometer was mounted on a tripod whose platform can be rotated in azimuth and elevation dimensions. The different linear polarizations were measured by manually rotating the radiometer platform around the observation axis. As depicted in Fig. 4 , the relationship between output voltage and OLP-angle is fitted with sine function. The measurement results have good consistency with the theoretical results shown in Fig. 2(b) . The output voltage has an approximately sinusoidal variation with OLP-Angle. The vertical polarized output voltage is the peak value, while the valley value is occurred at the horizontal polarization. The output voltage of sky is nearly unchanged at arbitrary OLP-Angle. Namely, the mmW radiation of sky is unpolarized.
Therefore, if T inc; is unpolarized, the brightness temperature of a flat surface has a sinusoidal variation with OLP-Angle as
where T w , T B0 , and ' are unknown parameters. T w and T B0 are determined by the object selfemitted radiation and the ambient brightness temperature T inc; . The parameter ' carries the surface orientation information of an object. As an example, Fig. 5 illustrates the surface orientation information of the stereoscopic silica used in Fig. 2(a) . The observation direction is along Àx axis and ' 0 is defined to describe the orientation information of normal vector to a surface (or "the surface orientation information" for short). As shown in Fig. 5 , n 
Polarization-Based Method
From the investigations in Section 2, the linear polarization characteristic demonstrates the object surface orientation information, which is essential to depicting the 3-D structure of an object. On the basis of (7), we present a polarization-based method to acquire the surface orientation information of an object. The method is realized by measuring three different linear polarization brightness temperature images. Furthermore, the sinusoidal brightness temperature curve of each surface can be retrieved. Finally, the surface orientation information can be acquired by analyzing the phase of sinusoidal curve. The following experiments are introduced to describe our method in detail.
Experimental Setup
As shown in Fig. 6 , the imaging experiments were conducted outdoor. A wooden plate was obliquely placed on a metal box which was set up on the concrete ground. For the wooden plate, the angle between p * and z * is ' 0 , which describes its surface orientation information. Because of the unpolarized property of sky radiation, the wooden plate was obliquely oriented to guarantee that the ambient brightness temperature is from the sky. For the concrete ground, the measurement technique is similar.
The imaging radiometer used in these experiments is a 94-GHz Scanning Imaging Radiometer System (SIRS) shown in Fig. 6(a) . A high efficiency Cassegrain antenna (0.3 m diameter) and a direct detection type millimeter wave detector are mounted at its front end. It features very high detection sensitivity thanks to the integration of high performance signal processing circuits. The instrument specifications of SIRS are listed in Table 1 .
In our experiments, the selection range of OLP-Angle was 0 0 G 180 . The polarization image of 0 ¼ 0 was collected by putting SIRS horizontally. In order to obtain other two polarization images, SIRS was rotated around the observation axis (i.e., x -axis) manually. Imaging was taken at the angle of 25°below the horizon. The distance between the radiometer antenna and the center of the wooden plate was 3 m. The scanning time of each polarization image was about 7 min. The kinetic temperature of the air in experimental site was 303 K, while that of the concrete ground was 307 K.
Experimental Results
As shown in Fig. 7 , three different polarization images are scaled to use the entire 8-bit range of a bitmap for display purposes. The radiation images in Fig. 7 by w1, w2, and w3, respectively. The blue blocks denote the concrete ground and their positions from up to down are marked by c1 and c2. The mean brightness temperatures of pixels in the blocks are calculated as listed in Table 2 . According to (7) , three unknown parameters (T w , T B0 , and ') can be solved.
The measured mean brightness temperatures and the retrieval curves of two typical objects are depicted in Fig. 8 . The peak positions of each curve are marked with black arrows, which denote the vertical polarizations. The retrieval curve of concrete ground is similar to Fig. 4 , while that of wooden plate has a phase shift due to the oblique orientation. Moreover, because of the difference of incident angles, different positions of the same object surface can also have diversities of retrieval curve shapes. For the concrete ground, the observation incident angle of position c1 (i.e., 77°) is bigger than that of position c2 (i.e., 60°, which is near the Brewster angle [17] ). Therefore, the vertical polarization temperature of position c2 is higher than that of position c1.
In Fig. 8 , for the peak brightness temperature of the wooden plate, the shift from middle ð 0 ¼ 90 Þ to left results from the left slanting orientation. This shift is exactly the surface orientation angle of wooden plate. Consequently, all phase shifts of two typical objects can be calculated and the results are listed in Table 3 . The experimental results show that our polarization-based method is capable of achieving the surface orientation information which is beneficial to recognizing the object. For the wooden plate, resulting from the distinct observation coordinates, there is a subtle difference among the true surface orientation angles of different positions. Nevertheless, since the normal vector to concrete ground is along z-axis, all true surface orientation angles are 0°.
Discussion
From the surface orientation information acquired with our polarization-based method, there are still some limiting factors in the measurement procedure. Therefore, we need to discuss the applicability of this method in the following.
Measurement Surrounding
As an important element in PMMW technology, the surrounding may change the measured polarization brightness temperature of an object. The ambient radiation reflected on the measured surface should be unpolarized. Otherwise, the relationship between the brightness temperature and OLP-Angle will not meet sinusoidal function. Therefore, some actions should be taken to ensure unpolarized ambient radiation. Though sky is a promising choice, the disadvantage is that we should carry out the measurement outdoor and only measure the orientation information of some specific surfaces whose reflected surrounding is sky. In order to enlarge the applicable area, an unpolarized radiation surrounding could be established artificially in future. A cubic box can be set up as an artificial surrounding and its six medial sides can be mounted with the unpolarized radiation materials (e.g., wedge absorbing materials). This box can be similar to the microwave anechoic chamber, and the kinetic temperature of the unpolarized radiation materials should be controlled to keep a certain difference between the ambient brightness temperature and the kinetic temperature of the measured object. This demand is due to the following equation from (5):
The variation between T and e depends on the nonzero "T obj À T inc; ." By using this artificial surrounding, all surface orientation information of the measured object can be obtained.
Imaging Time
Imaging time is another important factor having effect on the measurement accuracy. In our experiments, scanning time of each polarization image is about 7 min. Therefore, imaging time of three images is about 30 min (we need to adjust equipment during this period). Strictly speaking, the object brightness temperature changes with time due to the time-varying kinetic temperature. If imaging time is too long and the surrounding kinetic temperature changes significantly, it will be difficult to claim that the variation of T only results from the changing of linear polarization state. To improve measurement accuracy, an advanced passive imaging system can be TABLE 3 Experimental results of the surface orientation information developed to measure at least three linear polarization images simultaneously. Meanwhile, faster scanning speed and staring imaging technology can be used.
As compared with the system used in this paper, the advanced system has a faster scanning speed by improving the data storage and pixel display speed. It can take 4 min to generate the same size (120 by 160 pixels) image showed in Fig. 7 . However, the increasing of scanning speed is limited. Staring imaging technology may be used to address this problem.
Staring imaging technology includes focal plane array imaging [4] and synthetic aperture interferometric radiometry (SAIR) imaging [21] . Mechanically scanned instrument with focal plane array [4] can relieve pressure on fast scanning speed. By using aperture synthetic technology, SAIR imaging system can directly generate the brightness temperature image without scanning [22] . Therefore, the staring imaging system can decrease the error from time-varying kinetic temperature by reducing imaging time.
Radiometer Performance
The radiometer performance parameters that we concern mainly include angular resolution (i.e., HPBW, namely, half power beam width of radiometer antenna) and radiometric sensitivity. For the sake of effective identification of measured objects, high angular resolution is a basic requirement for the radiometer imaging system. Moreover, the antenna pattern calibration error of low angular resolution is even large, because the ambient brightness temperature is difficult to model or measure. In our experiments, spatial resolution is 4.2 cm at the imaging distance of 3 m, which is much less than the size of wooden plate (1 m Â 0.8 m). Therefore, the outline of wooden plate is clearly visible.
As is well known, radiometric sensitivity (i.e., ÁT ) indicates the minimum change at input that can be detected at the output. Assuming that Á 0 is the difference in OLP-Angle, from (7), the difference in brightness temperatures for two linear polarizations is given by
From (9), a small Á 0 leads to a small ÁT 0 . If a small Á 0 is selected, a basis limit of ÁT 0 > ÁT should be guaranteed. Otherwise, it may cause significant errors. Therefore, an appropriate selection principle is that three different OLP-Angles are evenly split from 0°to 180°( e.g., 0 ¼ 0 ; 60 ; 120 ). In addition, from (9), a large "T obj À T amb; " (corresponding to T w ) can relieve the selection limit of OLP-Angle.
Incident Angle
The observed radiation reaches partially polarized states after interaction with natural or artificial objects, the degree to which is also determined by incident angle. Fresnel equations [19] can be used to calculate the reflectivity of a smooth dielectric substance for horizontally and vertically polarized incidence. Fig. 9 shows emissivities of a smooth silica surface calculated in different LP-Angles. The calculated results indicate that the linear polarization difference Áe is low even close to zero at incident angle below 20°. From (8), a small Áe leads to a small ÁT . As mentioned in Section 4.3, it is difficult to guarantee the radiometric sensitivity basis limit (i.e., ÁT > ÁT ). Therefore, the presented method can be operated well at large incident angle. Though a small incident angle may bring measurement errors by using the method, it also has an advantage (i.e., the small ÁT indicates that the surface normal nearly points at the radiometer).
As suggested above, some approaches may help to acquire surface orientation information, such as constructing an unpolarized artificial surrounding, developing a progressive radiometer system, selecting appropriate OLP-Angles, etc.
Special Case
In the experiments of this paper, we have a prior information that the normal vector of wooden plate points to the upper half space of ground (i.e., À90 G ' 0 G 90 ). Therefore, the surface orientation information can be determined immediately from the phase shift. This case is common in remote sensing applications, such as terrain recognition in earth remote sensing using ground-borne or air-borne radiometer. However, if this prior information is absent, the phase shift may represent two possible surface orientation angles and two surface orientation directions are opposite. From the simulation and experimental results, the period of sinusoidal polarization curve is 180°and the range of surface orientation angle is À180 G ' 0 180 in full space (e.g., the silica used in the simulation in Fig. 5 ). In this special case, an additional approach should be utilized to distinguish two surface orientation angles.
Conclusion
Multi-polarimetric measurements can provide additional information when compared with nonpolarimetric ones. The linear polarization characteristics of several typical objects are investigated through simulations and measurements. The theoretical and measurement results show that the emissivity (or brightness temperature) of a flat surface has a sinusoidal variation with OLP-Angle and the phase of sinusoidal curve is distinct due to the different surface orientation. On the basis of the linear polarization characteristics, we propose a polarization-based method to acquire the surface orientation information of an object. The outdoor experiments of wooden plate and concrete ground are implemented. The experimental results manifest that this polarization-based method is capable of achieving the surface orientation information which is beneficial to recognizing the object. The demonstrated information content about the orientation of an object by using our method could lead to possible new applications, e.g., for terrain models in earth remote sensing or object classifications in security inspection. The possible multiple reflections of the object surfaces and surroundings can generate polarization rotations. This case will be investigated in future work. Meanwhile, we will consider the roughness of the object surface and the full polarization information will probably be introduced into our method. 
